؉ /H ؉ antiporter Nha1p of Saccharomyces cerevisiae plays an important role in maintaining intracellular pH and Na ؉ homeostasis. Nha1p has a two-domain structure composed of integral membrane and hydrophilic tail regions. Overexpression of a peptide of ϳ40 residues (C1؉C2 domains) that is localized in the juxtamembrane area of its cytoplasmic tail caused cell growth retardation in highly saline conditions, possibly by decreasing Na ؉ /H ؉ antiporter activity. A multicopy suppressor gene of this growth retardation was identified from a yeast genome library. The clone encodes a novel membrane protein denoted as COS3 in the genome data base. Overexpression or deletion of COS3 increases or decreases salinity-resistant cell growth, respectively. However, in nha1⌬ cells, overexpression of COS3 alone did not suppress the growth retardation. Cos3p and a hydrophilic portion of Cos3p interact with the C1؉C2 peptide in vitro, and Cos3p is co-precipitated with Nha1p from yeast cell extracts. Cos3p-GFP mainly resides at the vacuole, but overexpression of Nha1p caused a portion of the Cos3p-GFP proteins to shift to the cytoplasmic membrane. These observations suggest that Cos3p is a novel membrane protein that can enhance salinity-resistant cell growth by interacting with the C1؉C2 domain of Nha1p and thereby possibly activating the antiporter activity of this protein.
Na
ϩ concentrations and the intracellular pH are maintained at certain levels in all living cells ranging from prokaryotes to eukaryotes (1) (2) (3) . The proliferation of eukaryotic cells also requires that the cytoplasmic pH is shifted toward alkalinity (4 -7) . Ion transporters in the cytoplasmic and endocytic vesicular membranes play important roles in the mechanisms that regulate these Na ϩ concentrations and pH levels. In particular, Na ϩ /H ϩ antiporters play a central role in all species ranging from bacteria to humans in maintaining the intracellular homeostasis of H ϩ and Na ϩ ions (1) (2) (3) . Supporting this is that many Na ϩ /H ϩ antiporters (NHAs), 1 which are also called Na ϩ /H ϩ exchangers (NHEs), occur ubiquitously in bacteria, yeast, plants, and animals (3, 8 -11) . All antiporters that have been identified to date are integral membrane proteins with the same function, but their primary structures are quite diverse (3, 8 -11) . Eight NHE isoforms have been reported in mammals (12) (13) (14) (15) (16) (17) , and their structure-function relationships have been studied extensively (12) (13) (14) (15) (16) (17) . Hydropathy plot analysis of these mammalian NHE isoforms has revealed that they consist of an integral membrane region and a hydrophilic cytoplasmic tail region (12) (13) (14) (15) (16) (17) . The integral membrane region is required for the ion transport across the membrane and is highly conserved (12) (13) (14) (15) (16) (17) . In contrast, the hydrophilic cytoplasmic regions (tail region) are structurally diverse. Accumulating evidence suggests that isoform-specific elements in the tail region mediate interactions with other proteins (18 -25) and regulate the antiporter activity. However, the molecular details of these regulatory interactions remain to be determined. The yeast Na ϩ /H ϩ antiporter SOD2 in Schizosaccharomyces pombe was originally discovered as a factor that makes the cell growth resistant to high NaCl levels in the medium (11) . The SOD2 isoform denoted as NHA1 also exists in other yeasts (26 -28) and fungal species (28) , including Saccharomyces cerevisiae (29) , and it has been shown to antiport Na ϩ for H ϩ (30, 31) . As with the mammalian NHE family, the Nha1p family of proteins bear a highly conserved integral membrane region and a structurally diverse cytoplasmic tail region (28) . Nha1p-mediated export of Na ϩ is coupled to the proton motive force created by the H ϩ -translocating ATPase on the cytoplasmic membrane (31) . Similarly, S. cerevisiae has another Na ϩ /H ϩ antiporter denoted Nhx1p (32) that is localized at endocytic vesicular membranes (33) and that drives Na ϩ transport across the membranes by means of a proton gradient that is probably formed by a V-type ATPase (33) (34) (35) .
Although the overall primary sequences of the cytoplasmic tail regions of the various Nha1p proteins vary among various yeast species, we have reported that this region bears six small but distinct conserved domains that we have denoted C1 to C6 (28) . We have also shown that these conserved domains probably play similar functions in yeast and other fungi (28) . The C1, C2, and C3 domains consist of 16, 23 , and 15 residues, respectively, and are located at the juxtamembrane area of the cytoplasmic tail region. Deletion of these domains decreases salinity-resistant growth, which suggests that these domains are important for growth during highly saline conditions, possibly because they influence the antiporter activity of Nha1p (28) . However, the precise mechanisms by which these domains confer salinity resistance have not yet been clarified. In this study, we analyzed the role that these domains play in the high salinity-resistant growth of cells. We found that the C1ϩC2 domains bind to a novel membrane protein and that this binding event enhances salinity-resistant cell growth, possibly by increasing the antiporter activity of Nha1p.
EXPERIMENTAL PROCEDURES

Escherichia coli and Yeast Strains and Cell
Culture-The S. cerevisiae strains G19 (36) , SK5 (28) , and FOY41 constructed in this study are derivatives of W303-1B (MAT␣ leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-100) (36) . The ENA gene of G19 (ena1⌬::HIS3::ena4⌬, a kind gift from Dr. A. Rodriguez-Navarro, Ciudad University) has been deleted (36) . SK5 (ena1⌬::HIS3::ena4⌬ nha1⌬::LEU2) (28) and FOY (ena1⌬::HIS3::ena4⌬ cos3⌬::TRP1) are both derived from G19 and lack the NHA1 and COS3 genes, respectively. These strains were routinely grown in rich medium (YPD) (37) containing 1% yeast extract, 2% peptone, and 2% glucose or in minimal medium (SD) (37) containing 0.67% yeast nitrogen base and 2% glucose supplemented with the appropriate amino acids. Escherichia coli JM109 (38) and BL21 were used to propagate the plasmids and to express various proteins. E. coli cells were cultured in L broth (39) at 37°C with an appropriate antibiotic for the selection of transformants, as described previously (39) . Solid media contained 1.5% agar.
Screening for a Multicopy Suppressor of Growth Retardation in Highly Saline
Conditions-G19 cells transformed with a plasmid that expresses the C1ϩC2 domain peptide (pKT10-NHA1(C1ϩC2)) were further transfected by a multicopy genomic library (kindly provided by Drs. Yoh Wada and Masamitsu Futai, Osaka University) derived from YEp13 (40) . The transformed G19 cells were then plated on pH 5.5 SD plates that had been supplemented with 0.4 M NaCl and lacked Leu. After 4 days of incubation at 37°C, leu ϩ cells that appeared on the selecting plate were isolated as candidate cells bearing a suppressor of high salinity-induced growth retardation. The restriction sites in the plasmids recovered from the candidate yeast cells were determined. The recovered plasmids were then reintroduced into the same genetic background.
Plasmids-Plasmids 4-3-1 and 4-3-2 were constructed from the isolated library clone 4-3 as follows. A ClaI-SacI 6.2-kb fragment was isolated from 4-3 by digestion with ClaI and SacI, and this was ligated into pRS424 (41), a multicopy yeast expression vector, to produce 4-3-1. 4-3-2 was constructed by the self-ligation of the 4-3-1 fragment resulting from digestion with the BglII restriction enzyme.
The plasmids pKT10-NHA1(C1ϩC2)-GFP, pKT10-NHA1(C1)-GFP, and pKT10-NHA1(C2)-GFP contain DNA fragments encoding GFPtagged parts of the hydrophilic domain (residues 434 -523, 434 -449, and 453-523, respectively) of Nha1p. pKT10-COS3Loop-FLAG and pKT10-Cos3pTail-FLAG contain DNA fragments encoding FLAGtagged parts of the hydrophilic domain (residues 94 -224 and 297-379, respectively) of Cos3p. All of these GFP-or FLAG-tagged plasmids were constructed by amplification by PCR with primer oligonucleotides (Table I, lines 3-10) and cosmid 2A16 (28) plasmid 4-3 DNA as the template, followed by digestion with KpnI and SphI. The DNAs were then joined together with the SphI-SalI FLAG adaptor (Table I, lines 1 and  2) at the unique KpnI and SalI sites of plasmid pKT10 (42), a multicopy yeast expression vector with a glyceraldehyde-3-phosphate dehydrogenase promoter and terminator.
To express the Cos3p-GFP fusion protein (43), pRS316-COS3-GFP was constructed as follows. The ClaI-SacI 6.3-kb fragment of plasmid 4-3-1, which encodes the COS3 open reading frame (ORF), was cloned into the CEN plasmid pRS316 (41) . The plasmid thus created was named pRS316-COS3. Two DNA fragments containing the 0.5-kb 3Ј-UTR of COS3 or the COS3 ORF plus the 1.7-kb 5Ј-UTR were amplified with the appropriate primers shown in Table I (lines [11] [12] [13] [14] and then digested with SphI and XhoI or XhoI and XbaI, respectively. The 2.8-kb SphI-XhoI and the 0.5-kb XhoI-XbaI fragments thus created were inserted together into the SphI and XbaI restriction sites of the pUC18 vector to generate the plasmid pUC18-COS3. The 0.7-kb DNA fragment encoding GFP that was amplified with primers containing an XhoI restriction site sequence (Table I, lines 15 and 16 ) was inserted into pUC18-COS3 after digestion with XhoI. The 4.2-kb SphI-XbaI fragment encoding the COS3-GFP fusion that was derived from the GFP-bearing pUC18-COS3 plasmid was used to replace a 3.5-kb XbaI-SphI fragment from pRS316-COS3 to construct pRS316-COS3-GFP. pKT10-COS3-GFP was created by amplification of the entire COS3 ORF with appropriate primers (Table I , lines 17 and 18), followed by digestion with EcoRI and SphI and insertion into the EcoRI and SalI restriction sites of pKT10 together with the 0.7-kb GFP fragment that had been amplified from pEGFP-N3 (Clontech) with primers containing SphI and SalI sites (Table I, Plasmids p520-NHA1 and the His 6 -tagged p520-NHA1-His were constructed to express the full-length NHA1 in yeast under the control of the glyceraldehyde-3-phosphate dehydrogenase promoter in p520 (a kind gift from Dr. Yoshinobu Kaneko, Osaka University), which is a multicopy yeast expression vector that is trp ϩ . DNA fragments encoding the full-length NHA1 protein were amplified with suitable primers (Table I, 24 and 25) between the KpnI and SalI restriction sites of the p520 vector. To construct p520-NHA1, the KpnI-SalI fragment was inserted between the KpnI and SalI restriction sites of the p520 vector.
Disruption of the COS3 Locus in the G19 Strain-The 1.8-kb SphIBglII and the 2.2-kb HincII-SacI fragments that correspond to the upstream and downstream halves of the COS3 ORF, respectively, and that were derived from the 4-3 plasmid, were inserted between the unique SphI and BglII sites and SmaI and SacI sites, respectively, of the pJJ281 plasmid (44) that contains the TRP1 marker to create the targeting sequence of COS3 disruption. The 4.9-kb SphI-SacI targeting fragment thus created was introduced into the G19 strain, and TRP ϩ clones were selected by growth on SD plates lacking tryptophan. The replacement was verified by PCR analysis.
Detection of Intracellular Localization of Cos3p-GFP by Fluorescence Microscopy-SK5 or G19 cells expressing Cos3p-GFP fusion proteins were grown in SD medium at 30°C to the logarithmic growth phase and then examined by fluorescence microscopy (Olympus BX51) with appropriate filter sets (narrow band 1B excitation cube).
Fractionation of the Whole Cell Proteins and Immunoblot AnalysisCells were grown to the logarithmic growth phase, collected by centrifugation, resuspended in lysis buffer (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM PMSF, protease inhibitor mixture (Roche Diagnostics)), and then disrupted with glass beads at 4°C. After removing unbroken cells and debris, the cleared cell extracts were centrifuged at 100,000 ϫ g for 1 h to generate the pellet (P100) and supernatant (S100) fractions containing the membrane and soluble proteins, respectively. For the extraction experiments, the P100 fraction was incubated for 30 min on ice with 1 M NaCl or 1% Triton X-100 and then spun at 100,000 ϫ g to give the supernatant and the pellet fractions. Each fraction was resuspended in an equal volume of SDS sample buffer. The fractions were subjected to SDS-PAGE and transferred to a membrane filter (GVHP, Millipore) (45) . The membranes were treated with anti-GFP serum (Molecular Probes) or anti-Nha1p polyclonal antibody prepared as described below. Immunoreactive bands were visualized by means of the enhanced chemiluminescence method (Amersham Biosciences) (46), as described previously (45) .
Fractionation of Membranes by Sucrose Density Gradient Centrifugation-Fractionation of yeast cell extract by centrifugation through a sucrose step gradient was performed according to the procedure published previously (47) . Briefly, 300 A 600 units of mid-log phase cells were harvested by centrifugation, washed twice with water, and resuspended in 5 ml of 100 mM Tris, pH 9.4, and 10 mM dithiothreitol. After 10 min of incubation at 30°C, the cells were harvested by centrifugation and resuspended in 10 ml of spheroplast medium (1 M sorbitol in SD medium). Zymolyase 100T (Seikagaku Corp., Tokyo, Japan) was then added to a concentration of 0.5 units/A 600 units, and the cell suspension was incubated at 30°C for 10 min. After confirmation of spheroplast formation by microscopic observation, the cell suspension was placed on ice to stop digestion. The spheroplasts were then harvested through a 1.4 M cushion of sorbitol, resuspended in 2 ml of lysis buffer (0.2 M sorbitol, 50 mM potassium acetate, 1 mM dithiothreitol, 2 mM EDTA, 20 mM HEPES-Tris, pH 7.5) containing protease inhibitors (aprotinin, leupeptin, pepstatin, and PMSF), and homogenized (30 strokes) with a 5-ml glass potter homogenizer. The homogenates were cleared of intact cells and debris by centrifugation for 10 min (1,000 ϫ g) at 4°C. The cleared homogenate (900 l) was loaded onto an 11-step sucrose gradient. The gradient was composed of 900-l layers (18 -54% w/w in 4% increments) of sucrose layered over a 60% (w/w) sucrose pad (900 l) with each step prepared in 10 mM HEPES-Tris, pH 7.5, and 1 mM MgCl 2 . The gradients were centrifuged at 100,000 ϫ g for 16 h at 4°C. Vacuolar ␣-mannosidase activity was assessed essentially as described previously (48) . Briefly, 0.1 ml of each fraction was mixed with 0.3 ml of 0.1 M MES-NaOH, pH 6.5, 0.2% Triton X-100, and 0.1 ml of 10 mM p-nitrophenyl-␣-D-mannopyranoside (Sigma). After 3 h of incubation at 37°C, the reaction was stopped by adding 0.5 ml of 0.5 M glycineNa 2 CO 3 , pH 10.0, and the absorbance at 400 nm was measured.
Analysis of Protein-Protein
Interaction-To analyze protein-protein interactions on the membrane filter, various T7 epitope-tagged Cos3p or purified glutathione S-transferase (GST) proteins were blotted onto the filter and incubated for 1 h with 0.5 mg/ml purified GSTNha1p(C1ϩC2) protein or GST alone at room temperature, and then the bound GST-Nha1p(C1ϩC2) or GST was detected by immunoblotting with the anti-GST antibody. For the in vivo pull-down assay, SK5 cells transformed with pKT10-COS3-GFP and p520-NHA1 or p520-NHA1-His were grown to the logarithmic growth phase, collected by centrifugation, resuspended in lysis buffer (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20 mM imidazole, 1.0 mM PMSF, protease inhibitor mixture), and disrupted with glass beads at 4°C. After removing unbroken cells and debris, the cleared cell extracts were incubated on ice with solubilization buffer 1 (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% Triton X-100, 20 mM imidazole, 1.0 mM PMSF, protease inhibitor mixture) for 30 min and then centrifuged at 100,000 ϫ g for 1 h to yield the supernatant (S1) and the pellet (P1) fractions. The P1 fractions were incubated on ice with solubilization buffer 2 (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% n-dodecyl ␤-D-maltoside (DDM), 20 mM imidazole, 1 mM PMSF, protease inhibitor mixture) for 30 min, and then again spun at 100,000 ϫ g for 1 h to yield the supernatant (S2) and the pellet (P2) fractions. The S2 fractions were incubated with Ni-NTA-agarose (Qiagen) for 2 h at 4°C with rotation. After washing the column with the wash buffer (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.05% DDM, 20 mM imidazole, 1.0 mM PMSF, protease inhibitor mixture), the protein complexes bound to the beads were eluted with SDS sample buffer, resolved by SDS-PAGE, and then transferred to a GVHP membrane filter. Nha1p, Nha1p-His, and Cos3p-GFP were detected by immunoblotting with anti-Nha1p or anti-GFP antibodies.
Growth Assay of Yeast Cells-G19 and SK5 cells transformed with various NHA1 and COS3 constructs were grown in SD medium at 30°C to the logarithmic growth phase and then diluted serially and spotted onto pH 5.5 SD plates that had been supplemented with varying concentrations of NaCl. The plates were incubated at 30°C for 4 -10 days.
Polyclonal Antibodies for Nha1p or Cos3p-His 6 -tagged Nha1p (C1ϩC2) (Nha1p (C1ϩC2)-His) bearing the Nha1p amino acid residues 434 -523 and the MBP-Cos3p-loop fusion bearing the Cos3p amino acid residues 94 -224 were overproduced in E. coli BL21 and purified by affinity chromatography with Ni-NTA-agarose (Qiagen) and glutathione-Sepharose beads (Amersham Biosciences), respectively (49) . The purified Nha1p (C1ϩC2)-His and MBP-Cos3p-loop proteins were injected into rabbits to induce polyclonal antibodies. The antisera were purified by affinity chromatography using purified GST-Nha1p(C1ϩC2) or COS3p-loop-His as the ligand.
Other Procedures-DNA manipulations were performed according to published procedures (50) . Proteins were measured as described previously (51) . DNA sequencing was performed by the dideoxy chain termination method (52) with an ABI 377 DNA sequencer.
Materials-Restriction enzymes, KOD DNA polymerase, and T4 DNA ligase were purchased from Toyobo and New England Biolabs. The oligonucleotides used in this study were synthesized by Invitrogen. Other materials were of the highest grade that is commercially available.
RESULTS
Dominant Negative Effects of Overexpression of the C1ϩC2
Peptide on High Salinity-resistant Cell Growth-That the C1 and C2 domains, which reside close to the integral membrane domain of Nha1p, are functionally important has been revealed by the phenotypes that are conferred by their deletion (28) . We further hypothesize here that the C1 and C2 domains may be bound by a factor and that the antiporter activity of Nha1p is increased by this interaction. We tested this hypothesis by overexpressing the C1ϩC2 peptide as well as each domain on its own in the wild type strain G19. We predicted that the increased levels of the C1 and/or C2 domains would compete with the native Nha1p protein for binding to the putative endogenous factor, thereby decreasing the growth of the yeast in highly saline conditions. Indeed, we found that whereas overexpression of the C1ϩC2-GFP and C2-GFP constructs (Fig.  1A) did not affect cell growth on the SD plate lacking additional NaCl, both of these GFP-labeled peptides inhibited cell growth on the high salt agar plates that contained 0.3 M NaCl (Fig. 1B) . Overexpression of GFP alone did not cause such effect (data not shown). In liquid culture, these peptides again inhibited cell growth in the high salt conditions at the growing phase. The inhibition was more extensive for the GFP-labeled C1ϩC2 do-main peptide than for the GFP-labeled C2 peptide (Fig. 1C) . However, the C1-GFP construct only had a small effect on cell growth (Fig. 1B) . These results indicate that overexpression of C1ϩC2-GFP affects the salinity resistance of the cell. It is possible that this is due to a decrease in the antiporter activity of Nha1p in the cell. Moreover, it appears that whereas C2 plays the dominant role in this inhibitory effect, a portion of the C1 domain is also involved.
Cloning of a Suppressor Gene of the Salinity-sensitive Growth-We used molecular genetic procedures to isolate the putative protein that binds to the C1ϩC2 region of Nha1p. We introduced a genomic DNA library into cells expressing the C1ϩC2 peptide and isolated the revertant cells that could then grow in highly saline conditions. First, however, we identified the NaCl concentrations that are optimal for isolating the revertant cells. We found that the addition of 0.4 M NaCl to the SD medium provided the best conditions. At this concentration, the background growth of G19 cells expressing the C1ϩC2 peptide was very low, whereas the growth of the wild type parent cell, G19, was not much affected. We then introduced the genomic DNA library (which had been derived from the wild type yeast and placed in a high copy type vector plasmid) into G19 cells expressing the C1ϩC2 peptide. Of 20,000 transformants, 48 clones showed significant cell growth in 0.4 M NaCl. Most of the transformant cells exhibiting salinity resistance carried a plasmid with the ura3 gene alone that was derived from the library and had lost the C1ϩC2 expression plasmid, which also carried the marker gene ura3. We recovered the plasmids carried by the cells and reintroduced them into the same genetic background as the G19 cells expressing the C1ϩC2 peptide. Finally, we isolated a single clone and analyzed the plasmid (plasmid 4-3) by sequencing the plasmid DNA. The plasmid carried yeast genome DNA corresponding to the area between 2507 and 10,865 of the S. cerevisiae chromosome XIII (www.yeastgenome.org/). (Fig. 2) . This area contains one ORF, denoted COS3/YML132, and portions of two other ORFs (Fig. 2A) . These structural characteristics strongly suggest that COS3/YML132 encodes a protein that suppresses the salinity-induced growth retardation. To test this, we constructed two expression plasmids, one that carries the entire COS3 ORF together with the flanking sequences (4-3-1) and another that carries the flanking sequences but not the COS3 ORF (4-3-2) (Fig. 2A) . The plasmids 4-3 and 4-3-1, which both carry the entire COS3 ORF, restored the growth rate of the cells (Fig. 2B) . In contrast, the ⌬COS3 plasmid (4-3-2) did not. These results clearly indicate that the COS3 ORF is crucial to the suppression of growth retardation caused by the overexpression of the C1ϩC2 peptide.
According to the S. cerevisiae genome data base, Cos3p is a member of the function-unknown proteins and a member of the COS (conserved sequence) family that is composed of 12 independent genes that have similar amino acid sequences (Fig. 3) . No orthologues of COS3 and the COS family genes have been found in other species. Based on the nucleotide sequence of COS3 described in the S. cerevisiae genome data base, the COS3 ORF is 1137 bp and encodes 379 amino acid residues. Hydropathy plot analysis of Cos3p predicts that Cos3p has at least four major hydrophobic domains (Fig. 3) , which suggests that it is a membrane-bound protein.
COS3, Together with NHA1, Induces Salinity-resistant Cell Growth-When wild type G19 cells that overexpress COS3 are grown on a high salinity plate, the cell growth rate is much higher than that of the control G19 cells that received the vector plasmid alone (Fig. 4) . This result raised the possibility that COS3 might be able to confer salinity-resistant cell growth on its own by inducing the export of Na ϩ from within the cell to The gray areas in the hydrophilic tail region correspond to C1 (residues 434 -449), C2 (residues 465-487), C3 (residues 526 -540), C4 (residues 694 -717), C5 (residues 787-815), and C6 (residues 919 -944), respectively. B, the (C1ϩC2)-GFP, C2-GFP, and C1-GFP fusion proteins bear the amino acid residues 434 -523, 453-523, and 434 -449 of Nha1p, respectively. Each peptide was expressed in G19 cells under the control of the glyceraldehyde-3-phosphate dehydrogenase promoter. The G19 cells overexpressing the GFP fusion peptides were cultured, diluted serially, and then spotted onto pH 5.5 SD plates that had been supplemented with 0 or 0.3 M NaCl. The plates were incubated at 30°C for 4 days. C, growth curves of G19 cells overexpressing GFP fusion peptides. The cells were grown for 24 h in SD medium and diluted 100-fold in SD in the absence or presence of 0.3 M NaCl. Growth was monitored for 65 h at 595 nm with a microplate reader. छ, vector alone; E, (C1ϩC2)-GFP; OE, (C2)-GFP; f, nha1⌬ cells.
the outside of the cell, for example. However, we found that overexpressing COS3 in the nha1⌬ SK5 cells did not cause the retarded cell growth in highly saline conditions to recover (Fig.  4) , which indicates that COS3 alone is not enough to induce salinity-resistant cell growth and that Nha1p is needed for this phenotype.
We next assessed whether COS3 is essential for the Na ϩ /H ϩ antiporter activity of the cell by constructing a COS3 deletion mutant. The cos3⌬ strain FOY41 exhibited lower cell growth rates than the wild type G19 cells on the highly saline plates (Fig. 5, A and B) . However, the nha1⌬ strain SK5 (which has an intact COS3 gene) showed more severe growth retardation than the cos3⌬ strain (Fig. 5, A and B) . The growth of the NHA1 and COS3 gene double knock-out cells was essentially similar to that of the SK5 cells (Fig. 5B) . These results show that whereas COS3 is able to enhance the antiporter function of Nha1p, it is not essential for this activity. The expression in the cos3⌬ strain of the Cos3p-GFP fusion protein from a low copy type of expression plasmid was as effective as the wild type COS3 gene at recovering the growth retardation observed in highly saline conditions (Fig. 5) . This result suggests that the Cos3p-GFP fusion protein functions similarly to the wild type Cos3p.
Intracellular Localization of Cos3p-The localization of Cos3p within yeast cells was examined by observing the fluorescence signals of the Cos3p-GFP fusion protein. When the low copy type Cos3p-GFP expression vector was introduced into G19 cells, fluorescence was observed mainly at the intracellular vesicles. Nomarski microscopic images (differential interference contrast) showed that the intracellular vesicles may be vacuoles (Fig. 6A ). These observations suggest that Cos3p usually resides at vacuoles. When Cos3p-GFP was overexpressed in the nha1⌬ SK5 cells due to the introduction of the high copy type of expression vector, Cos3p-GFP again accumulated in the same type of vacuoles (Fig. 6B) . In contrast, overexpression of Cos3p-GFP in the NHA1-intact G19 cells caused a significant increase of the fluorescence signal in the cytoplasmic membrane area as compared with SK5 (Fig. 6B) , although the predominant fluorescence signal was still found in the vacuoles. Overexpression of both Nha1p-His and Cos3p-GFP in SK5 cells caused an obvious increase of fluorescence in the cytoplasmic membrane area (Fig. 6B) . These results suggest that Cos3p usually resides at the vacuole but that a portion of Cos3p translocates with Nha1p to the cytoplasmic membrane.
We also analyzed the intracellular localization of Cos3p by fractionation of cellular proteins followed by immunoblotting. The membrane fraction of G19 cells that overexpress Cos3p-GFP was treated with 1 M NaCl or 1% Triton X-100. Although NaCl treatment did not solubilize Cos3p, treatment with 1% Triton X-100 released half of the Cos3p proteins into the supernatant fraction after centrifugation (Fig. 7) . These effects of NaCl and the detergents on the solubilization of overexpressed Cos3p were essentially the same for Cos3p expressed from a low copy type expression vector. These results suggest that Cos3p is tightly bound to the membrane and that overexpression of Cos3p does not alter this. This estimation is consistent with the presence of the predicted transmembrane domains in Cos3p (Fig. 3) , which suggests that Cos3p has at least four hydrophobic regions and which thus supports the notion that Cos3p is a membrane-bound protein. We showed previously (28) by differential centrifugation and detection of the fluorescence signal of the Nha1p-GFP fusion protein that Nha1p is localized at the cytoplasmic membrane. As a control of the solubilization of membrane protein in the differential centrifugation experiment here, we tested the effect of detergent on Nha1p. We found that Nha1p is solubilized by 0.1% SDS as well as by DDM (data not shown) as expected. However, as shown in Fig. 7 , Nha1p is not released from the membrane fraction after treatment by 1% Triton X-100. These results suggest that the mechanisms by which Cos3p and Nha1p integrate into the membrane partly differ. These observations may relate to the different localization of Cos3p and Nha1p within the cells that was observed by the microscopic analyses described above (Fig. 6B) .
To confirm that Cos3p and Nha1p do localize slightly differently in the cell, we analyzed the localization of these proteins by sucrose density gradient centrifugation of the extract of nha1⌬ cells expressing Cos3p-GFP with or without Nha1p-His (Fig. 8) . In the absence of Nha1p-His, most of the Cos3p-GFP appeared in the same fractions as the vacuole marker ␣-mannosidase (Fig. 8A) , which is consistent with the microscopic data (Fig. 6B) . A significant amount of free GFP was found at the top and in the vacuole fraction, which indicates that GFP was released from Cos3p-GFP in vivo. Therefore, some of the GFP fluorescence in the microscopic data may reflect the localization of the released GFP. When the cells also overexpressed Nha1p, a major fraction of Cos3p-GFP was shifted to the bottom of the sucrose density gradient centrifugation, which contains the cytoplasmic membrane marker protein Pma1p (plasma membrane proton ATPase) and Nha1p (Fig. 8B) . This shift of Cos3p-GFP localization from the vacuole to the cytoplasmic membrane fraction is again consistent with the microscopic data (Fig. 6) . Moreover, the Cos3p-GFP-containing fractions after the sucrose density gradient centrifugation were not exactly the same as the Nha1p-containing fractions, which confirms the microscopic observations that suggest that a significant portion of Cos3p-GFP is localized in different compartments compared with Nha1p, even when Nha1p is overexpressed. Interaction of Cos3p and Nha1p-The growth retardation of yeast cells due to the overexpression of the C1ϩC2 peptide and the co-distribution of Nha1p and Cos3p in the cells suggests that the peptide interacts with Cos3p directly. We analyzed this putative interaction by expressing various domains of the Cos3p protein in E. coli and then co-incubating the extracts with purified GST-fused C1ϩC2 peptide. Cos3p and the major hydrophilic portion of Cos3p (a loop domain between residues 94 and 224) in E. coli extracts specifically interacted with the GST-C1ϩC2 peptide (Fig. 9A) but not with GST alone, which was the control for specific binding. These results show that the putative hydrophilic portion of Cos3p interacts with the C1ϩC2 peptide. Although the full-length T7-tagged Cos3p was expressed at lower levels compared with the Cos3p-loop domain (Fig. 9B) , the binding affinity of the GST-C1ϩC2 fusion protein for the full-length Cos3p protein appears to be higher than that for Cos3p-loop.
Given that Cos3p appears to interact directly with the C1ϩC2 peptide in vitro, we tested the in vivo interaction of Nha1p and Cos3p by seeing if these proteins would be coprecipitated from yeast cell extracts by the pull-down assay. SK5 cells expressing Cos3p-GFP and His-tagged Nha1p pro- tein were first treated with Triton X-100 to enrich for Nha1p, as Nha1p is not solubilized by Triton X-100 (see Fig. 7 ). The Triton-insoluble fraction was then further treated by the detergent DDM, in which Nha1p is soluble. Approximately half of the cellular Cos3p-GFP fusion proteins were recovered in the supernatant fraction after DDM solubilization (data not shown). The DDM-solubilized proteins (S2) were then subjected to affinity chromatography on Ni-NTA-agarose. The eluted chromatographic fraction containing His-tagged Nha1p also contained the Cos3p-GFP fusion protein (Fig. 10 ). In contrast, Cos3p-GFP was not detected after chromatography on Ni-NTA-agarose of the S2 fraction of cells that expressed the control Nha1p protein, which lacks the His tag. These results indicate that Nha1p and Cos3p may interact within membranes.
When we solubilized both proteins by DDM first and followed this with affinity chromatography, a high background resulting from nonspecific proteins eluting with His-tagged Nha1p appeared, which made it difficult to observe Cos3p.
Dominant Negative Effect of Overexpressing the COS3p
Loop Domain-Because the Cos3p loop region appears to interact directly with Nha1p, we analyzed the effect of overexpressing the loop region on the salinity-resistant cell growth of the G19 wild type cell. We found that overexpression of the Cos3p loop region (residues 94 -224) alone caused growth retardation on the highly saline medium, whereas overexpression of the Cos3p tail region (residues 294 -397) had no effect (Fig. 11) . Thus, the activation of Nha1p by the intact Cos3p molecule may be blocked by the overexpression of the loop region because it hinders the interaction of the two proteins. These results also suggest that the Cos3p loop region resides in the cytoplasm. 
, and FOY41 cells harboring the pRS316-COS3-GFP plasmid were spotted onto pH 5.5 SD plates supplemented with the indicated NaCl concentrations. The plates were incubated at 30°C for 4 days. B, the yeast strains described in A were grown to the logarithmic phase and then diluted 50-fold in SD medium supplemented with the indicated concentration of NaCl. Growth was monitored spectrophotometrically at 600 nm after 72 h of culture at 30°C. The relative growth for each strain was calculated as a percentage of the cell growth in medium without NaCl, which was set at 100%.
FIG. 6. Intracellular localization of the Cos3p-GFP fusion protein.
A, G19 cells carrying pRS316-COS3-GFP (CEN) were grown at 30°C to the logarithmic growth phase and observed by fluorescence microscopy. B, SK5 and G19 cells carrying pKT10-COS3-GFP and SK5 cells carrying pKT10-COS3-GFP and pKT10-NHA1-His were grown at 30°C to the logarithmic phase and observed by fluorescence microscopy. Left and right panels show fluorescence and Nomarski microscopic images, respectively. DIC, differential interference contrast.
DISCUSSION
We found in this study that overexpression of the C1ϩC2 peptide has a dominant negative effect on salinity-resistant cell growth. We speculate that the binding of a putative factor to the C1 and C2 domains activates Nha1p, thereby enabling high salinity-resistant cell growth. Supporting these hypotheses is that we isolated a gene encoding this putative factor that is named Cos3p according to the nomenclature of yeast Saccharomyces Genome Data base. The results in this study strongly support the notion that Cos3p is an activator protein but not an essential factor of Nha1p. The results also rule out the possibility that Cos3p could be an inducer that acts independently of Nha1p to promote salinity-resistant cell growth.
We showed that Cos3p and Nha1p interact, which further supports the possibility that Cos3p directly increases the antiporter activity of Nha1p, thereby enhancing the salt resistance of the cell growth. Moreover, we found that the Cos3p loop region and the C1ϩC2 domains (especially the C2 domain) interact, which suggests that the Cos3p loop region may be involved in the activation of the Nha1p antiporter function, perhaps by altering the conformation of Nha1p into a form that is required for the antiport. In this connection, it should be noted that substitution by Ala of the Arg-441, His-442, or Ile-446 residues in the C1 domain that are close to the C2 domain induces cell growth sensitivity to highly saline conditions, perhaps because these alterations reduce the antiporter activity of Nha1p.
2 These residues are thus believed to be involved in the antiporter function of Nha1p. These observations support the notion that the interaction between the C1ϩC2 domain and Cos3p is involved in the antiporter activity of Nha1p. The characterization of the precise binding structure within the C1ϩC2 domains and within the loop region of Cos3p will give insights into how these two proteins interact. Another possible way by which Cos3p promotes the antiporter activity of Nha1p is that it may stabilize Nha1p, thereby increasing its antiporter activity. However, we observed that varying the levels of Cos3p in cos3⌬ cells by introducing different expression vectors (low and high copy vectors) did not significantly change Nha1p levels within the cells. This suggests that it is not likely that Cos3p functions by stabilizing Nha1p. An important future objective of this study will be to clarify how Cos3p is involved in activating Nha1p.
Hydrophilicity plotting of Cos3p suggests that it is a membrane-bound protein. Consistent with this is that the intracellular localization of Cos3p-GFP is mainly at the vacuole. Notably, the major intracellular locations of Cos3p and Nha1p differ (Fig. 6, A and B) , as Nha1p is largely localized at the cytoplasmic membrane. However, overexpression of Nha1p induces the transfer of Cos3p to the cytoplasmic membrane (Fig. 6B ). These observations again support the idea that these proteins interact directly within the cell. Although the significance of the different predominant locations of the two proteins is not clear at present, it may be that Cos3p plays some unknown function in the vacuole. Because Nha1p localizes to the cytoplasmic membrane in even the cos3⌬ cells (data not shown), it is likely that Cos3p is not involved in the transfer of Nha1p from endomembranous organelles, including the endoplasmic reticulum, to the cytoplasmic membrane. The physiological roles of Cos3p thus remain unclear. The same is true for other COS family proteins. It has been reported that the COS family member Cos10p is involved in endocytosis and that it may be localized at endovesicles (53) (lanes 2 and 3) . The pellet fraction was incubated for 30 min on ice with 1 M NaCl or 1% Triton X-100 and then spun at 100,000 ϫ g for 60 min to yield the supernatant (lanes 5 and 7) and the pellet fractions (lanes 4 and 6). These fractions were subjected to SDS-PAGE and immunoblotting using anti-GFP (Cos3p-GFP) or anti-Nha1p antibodies (Nha1p-His).
FIG. 8.
Shift of Cos3p-GFP localization upon overexpression of Nha1p. Cell lysates were prepared from nha1⌬ cells expressing HAPma1p (hemagglutinin epitope-tagged Pma1p, low copy) and Cos3p-GFP (high copy) (A) or Nha1p-His (high copy) and Cos3p-GFP (highcopy) (B), and fractionated on an 18 -60% sucrose step density gradient by centrifugation for 16 h. The fractions were collected and immunoblotted with an anti-HA antibody for HA-Pma1p, an anti-Nha1p antibody for Nha1p-His, or an anti-GFP antibody for Cos3p-GFP. The activity of the vacuole marker enzyme, ␣-mannosidase, was measured as described previously (48).
Cos10p are not available. Another COS family member, Cos8p, is known to localize at the nuclear membrane (54), but its function has not yet been described.
With regard to the mammalian Na ϩ /H ϩ antiporters (NHE1-5), calcineurin homologous protein (CHP1) has been shown to bind to these proteins (25, 55, 56) and to activate their antiporter activity (25) . The CHP1-binding site is located near the juxtamembrane region of the cytoplasmic tail (25) . Although homology to the primary sequence of the CHP1-binding site of NHEs is not found in the C1ϩC2 domains, it is of interest that both the antiporters and the binding proteins of these independent mammalian and S. cerevisiae antiporter systems show similar topological features. Although how CHP1 activates NHE has not yet been clarified, it should be noted that CHP bears the myristoylation motif that suggests that it is capable of binding to the membrane (57) . It should also be noted that the majority of the NHE and CHP proteins localize at different compartments (25, 56) , as we also observed for Cos3p and Nha1p. It is possible that the functional mechanisms by which these binding partners activate these independent antiporters may be similar, although future studies are required to confirm this.
COS3 is a member of the COS family of S. cerevisiae that is composed of 12 independent genes that share similar amino acid sequences. Proteins recognized by Cos3p-specific antibodies were observed in the cell extract of cos3⌬ cells (data not shown), which suggests that other member(s) of this COS family of proteins may be expressed in the COS3 deletion mutant. As noted above, that cos3⌬ cells still grow better than the nha1⌬ cells in highly saline conditions suggests that whereas Cos3p promotes Nha1p activity, it is not an essential partner. However, that the other members of the COS family of proteins in the cos3⌬ cells are likely to be functional suggests that these proteins may still activate Nha1p up to a certain level. Thus, it remains a possibility that a COS member protein, including Cos3p, could indeed be an essential factor in Nha1p function. In this connection, we analyzed whether the expression of Cos3p is induced by highly saline conditions. We found that FIG. 9 . Interaction of Cos3p and Nha1p in vitro. A, the binding of recombinant Cos3p proteins to the GST-C1ϩC2 fusion protein, which bears amino acid residues 434 -523 of Nha1p, was detected by means of West-Western analysis (56) . The T7 epitope fusion proteins consisting of the entire Cos3p protein or the hydrophilic loop region of Cos3p between amino acid residues 94 and 224 were expressed in E. coli. The whole E. coli cell lysates or purified GST protein were resolved by SDS-PAGE, transferred to polyvinylidene fluoride membranes, and then overlaid with the purified GST-Nha1p fusion protein C1ϩC2 or GST alone (0.5 mg/ml) as the probes. The GST fusion proteins were detected with anti-GST antibody and the ABC Vectastain kit (61) . Lane 1, control lysate of cells with vector alone; lane 2, lysate with loop region; lane 3, lysate with the entire Cos3p; lane 4, purified GST. IB, immunoblot. B, expression levels of the full-length Cos3p protein and the Cos3p-loop domain in the transformed E. coli cells described in A. The proteins were detected with T7 epitope-specific antibodies. The sample numbers at the top correspond to the same samples described in A.
FIG. 10. Interaction of Cos3p-GFP and Nha1p-His in vivo.
Whole cell lysates of SK5 cells expressing Cos3p-GFP and Nha1p or Nha1p-His were incubated on ice with 1% Triton X-100 for 30 min and then centrifuged at 100,000 ϫ g for 60 min to yield the supernatant (S1) and pellet (P1) fractions. The P1 fraction was further incubated on ice with 1% DDM for 30 min, and then spun at 100,000 ϫ g to yield the supernatant (S2) and the pellet fractions. The S2 fractions were incubated with Ni-NTA-agarose beads for 2 h at 4°C. After extensive washing of the beads, materials bound to the beads were resolved by SDS-PAGE and then detected by immunoblotting with anti-GFP (Cos3p-GFP) or anti-Nha1p (Nha1p-His) antibodies. Lanes 1 and 2 indicate the S2 fractions from the cell lysates bearing Nha1p and Nha1p-His, respectively. Lanes 3 and 4 indicate the materials bound to Ni-NTA resin for Nha1p and Nha1p-His, respectively.
FIG. 11. Overexpression of the hydrophilic loop region of
Cos3p affects the growth of wild type cells in highly saline conditions. G19 cells expressing the Cos3p-loop-FLAG or the Cos3p-tail-FLAG fusion protein were grown to the logarithmic growth phase, diluted serially, and spotted onto pH 5.5 SD plates supplemented with 0 or 200 mM NaCl. Cos3p-loop consists of Cos3p amino acid residues 94 -224, whereas the Cos3p-tail consists of amino acids 294 -379. The plates were incubated at 30°C for 4 days.
COS3 expression was not induced by increasing concentrations of NaCl up to 1 M (data not shown). Moreover, overexpression of Nha1p did not significantly affect the expression and stability of Cos3p (data not shown). Thus, it appears that Cos3p is constitutively synthesized, which is consistent with the possibility that Cos3p is an essential factor of Nha1p. It will be important to investigate this possibility by constructing cells in which the whole COS family of genes has been disrupted.
In our previous work, we observed that the hydrophilic tail region of various yeast and fungal Nha1p proteins bear six small but distinct conserved domains (C1-C6) (28) . The comprehensive understanding of the role that the tail region plays in Nha1p function requires the detailed elucidation of the function of these domains. C1 and C6 have been shown to be involved in the antiporter activity of Nha1p (28, 58) . The former was found to play an essential role (28) , although the details of its activity have not yet been described. C6 may play an inhibitory role in the antiporter activity of Nha1p (28, 58) and has also been suggested to be involved in cell cycle regulation based on genetic analysis (59) , although again the mechanism by which it functions has not yet been analyzed. In this paper, we have shown that the C1 and C2 domain region, particularly the C2 domain, serves as the site to which the activator Cos3p binds. This study is the first detailed analysis of the function of the conserved domains. The conservation of the C1 and C2 domains also suggests that Cos3p-like factors may exist in other yeast Nha1p proteins. Moreover, the approach taken in this study to identify potential Nha1p regulatory factors may be effective when it is applied to understanding the functions of the other conserved domains, namely C3 to C6.
